An early inward tail current evoked by membrane depolarization (from -80 to -40 mV) sufficient to activate sodium but not calcium current was studied in single voltage-clamped ventricular myocytes isolated from guinea pig hearts. Like forward-mode Na-Ca exchange, this early inward tail current required [Na+], and [Ca211 J and is thought to follow earlier reverse-mode Na-Ca exchange that triggers Ca2' release from sarcoplasmic reticulum. The dependence of the early inward tail current on [Ca21]1 was supported by the ability of small (+10 mV) and large (+80 mV) voltage jumps from -40 mV to decrease and increase, respectively, the size of early inward tail currents evoked by subsequent voltage steps from -80 to -40 mV. As expected, tetrodotoxin selectively inhibited the early inward tail current but not the late inward tail current that followed voltage jumps to +40 mV test potentials. Although tetrodotoxin also blocked the fast Na+ current, replacement of extracellular Na+ by Li+ sustained the fast Na+ current. However, Li+, which does not support Na-Ca exchange, reversibly suppressed both the early and late inward tail currents. Inhibitors (ryanodine and caffeine) and promoters (intracellularly dialyzed inositol 1,4,5-trisphosphate) of sarcoplasmic reticulum Ca2+ release decreased and increased, respectively, the magnitude of the early inward tail current. The results substantiate the hypothesis that Ca2' release from the sarcoplasmic reticulum participates in early Na-Ca exchange current and demonstrate that inositol 1,4,5-trisphosphate, by releasing Ca2+ from the sarcoplasmic reticulum, can promote Na-Ca exchange across the plasma membrane. (Circulation Research 1991;69:1632-1639 E lectrogenic Na-Ca exchange in mammalian myocardium has been the object of intensive study in recent years, and the fact that it can contribute to the electrophysiology of the normal cardiac cycle, as well as to excitation-contraction coupling, has been established.1 The contribution of the exchanger to transmembrane current at depolarized potentials, as in the action potential plateau, or on repolarization, during electrical diastole, has been emphasized.2 The exchanger can reverse directions under normal physiological conditions, extruding
much earlier in the course of an action potential than the plateau was recently investigated by Leblanc and Hume.3 In their experiments, [Ca'+]i increased on depolarization from -80 to -50 mV; this increase was independent of voltage-gated Ca2+ current, dependent on Na+ influx, and sensitive to ryanodine. They postulated a sequential Na+ influx via tetrodotoxin (TTX)-sensitive Na+ channels, "reverse mode" Na-Ca exchange, Ca2'-triggered Ca'+ release from the sarcoplasmic reticulum (SR), and "forward mode" Na-Ca to account for their results.
We set out to test the hypothesis of Leblanc and Hume and to explore further the interrelation of trans-SR and transsarcolemmal Ca'+ flux early in the action potential, because this could lead to a better understanding of myocardial calcium homeostasis and its regulation by hormones and neurotransmitters. For example, muscarinic and a-adrenergic agonists, neurotransmitters known to have positive inotropic effects, have been shown to activate phospholipase C and thereby to produce inositol 1,4,5-trisphosphate (IP3).4-9 The exact mechanism of their positive inotropic effect remains to be elucidated; it could involve 1P3-induced calcium release from the SR. [10] [11] [12] [13] Materials and Methods Guinea pigs (250-300 g) were injected with heparin (500 units i.p.) followed 30 minutes later by an anesthetic dose (30 mg/kg i.p.) of sodium secobarbital. The heart was excised and attached via the aorta to a Langendorff perfusion apparatus. Guinea pig ventricular myocytes were prepared by the method of Mitra and Morad.'4 After the enzyme solution was washed out with storage medium, the ventricles were removed and cut into small chunks. Cells were isolated from the chunks by gentle mechanical agitation with forceps, and the cell suspension was kept in storage solution for at least 1 hour. An aliquot of the cell suspension was placed in an experimental chamber (volume, 500 gul) on the stage of an inverted microscope; the cells were allowed to settle for about 10 minutes and then superfused (2) (3) (4) ml/min) with modified Tyrode's solution (30°C). The millimolar composition of this solution was NaCl 135, KCl 5, CaCl2 1.8, MgCl2 1.0, HEPES 10, and glucose 20, pH 7.4. The yield of calcium-tolerant myocytes ranged from 40% to 70%.
The whole-cell voltage-clamp technique was used in all experiments. Electrodes (tip diameter, 1-2 ,tm) were made from borosilicate glass tubes. The electrode was filled by syringe with pipette solution that was passed through a filter (Millipore Corp., Bedford, Mass.). Electrode resistance ranged from 2 to 5 MfQ when filled with a pipette solution of the following millimolar composition: potassium aspartate 120, KCl 20, HEPES 10, and Na2ATP 5, pH 7.4. The pipette was connected via a holder with a Ag/AgCl electrode to the head stage of an amplifier (model EPC-7, Medical Systems Corp., Greenvale, N.Y.). After forming a gigohm seal between membrane and electrode tip, the cell membrane was ruptured by additional negative pressure. Electrode capacitance and series resistance were minimized electronically.
Data were recorded and analyzed using pCLAMP software (Axon Instruments, Burlingame, Calif.). For measurement of the current x time integrals, current recordings were processed with a digitizing graphics tablet (Summagraphics Corp., Seymour, Conn.). For intracellular dialysis, a thin polyethylene tube was inserted into the glass pipette to within 100-200 ,um from the tip. Test solution was led from a reservoir into the pipette tip by negative pressure; the waste chamber was tightly sealed in this circuit. Test solution flowed at -50 gl/min, and in preliminary experiments, a test solution containing Cs+ in place of K' required -1.5 minutes to depolarize the membrane to steady state. All solutions were prepared with reagent grade chemicals. 1P3 was purchased from Calbiochem Corp., LaJolla, Calif.; caffeine, from Sigma Chemical Co., St. Louis, Mo.; and ryanodine, from S.P. Penick, West Lynhurst, N.J.
Results
The existence of an early inward tail current after the decay of the sodium current when a myocyte is clamped from -80 to -40 mV is shown by the asterisk in Figure 1A . To demonstrate this current's dependence on [Ca2"]j, we applied a sequence of conditioning depolarizing pulses, as shown, whereby every 10 seconds the cell was first stepped from -80 to -40 mV, then to a more positive potential (from -40 to +50 mV in 10-mV increments), and back again to -40 mV. The early inward tail current develops after stepping from -80 to -40 mV, and the ensuing depolarization to plateau potentials serves to condition this current in the subsequent episode. Enlargement of the family of early inward current tail under two different conditions is shown in panels Bi and B2 of Figure 1 . Panel Bi displays three tracings out of a sequence of 10 for the cell in panel A: the first episode (episode 1) reflects the rested state of the cell that has been held at -80 mV for 1 minute; the third episode (episode 3) shows a marked reduction of this current, due to the effects of the preceding steps to -40 and -30 mV; and the last episode (episode 10) shows the current exceeding its initial magnitude, reflecting the effects of preceding depolarization to positive potentials in episodes 6-9. Others have shown that repeated brief depolarizations to plateau potentials decreased inward current through the Na-Ca exchanger, an effect attributed to reduced [Ca2+} [15] [16] [17] and that prolonged depolarizations increased [Ca2+]i through the Na-Ca exchanger. 18 Therefore, we interpret the results to mean that the early inward tail current is promoted by increasing [Ca2+]i and is attenuated by its reduction. Furthermore, as shown in Figure 1 , when the SR store of Ca2+ has been depleted by preceding weak depolarizing steps (panel Bi, episode 3), the early inward tail current is diminished when compared with the rested state (panel Bi, episode 1). Conversely, when the SR has been loaded by preceding strong depolarizations of long duration, this current is increased (panel Bi, episodes 1 and 10). Implicit in this relation is the premise that it is a phasic increase in [Ca2+]i produced by SR Ca2+ release rather than a change in tonic [Ca2+]i that mediates activation of the early transient inward current in the experimental protocol. When [Ca2+]i is reduced to extremely low values by 10 mM EGTA in the pipette, essentially no early inward tail current can be seen either in the rested state or after preceding depolarizing steps of 1.4 seconds (panel B2). The late inward tail current was also eliminated when the pipette contained EGTA (data not shown); this is in accordance with the observations of others.15 '16,19,20 To measure total charge movement by the early inward tail current, the area defined by this decaying inward current and the extrapolation of the isopotential steady-state current was measured on a digitizing graphics tablet. Figure  1C shows the average episode 1 inward current x time integral of the early inward tail current in the pres- Calibration: time, 200 msec; current, 200 pA. Panels B1 and B2: Amplified transmembrane current developed at -40 mV, shown for three different conditions: 1, the current during the first clamp episode after >1 minute at holding potential of -80 mVV; 3, the third episode, preceded by a step to -30 mV in episode 2; 10, the tenth episode, preceded by a step to +40 mVin episode 9, with 10 seconds intervening between episodes. Panel B] shows control in the absence of EGTA. Panel B2 shows the same family of curves for a different cell but with 10 mM EGTA in the pipette. Calibration: time, 50 msec; current, 80 pA. Panel C: Magnitude of the current xtime integral (in picocoulombs) for the early inward tail current, episode 1, for six cells when 10 mM EGTA was in the recordingpipette (open bar) vs. same conditions forfour cells when no EGTA was present (shaded bar). Mean +SD is shown. ence of 10 mM EGTA (n=6, open bar) and in the absence of EGTA (n=4, hatched bar) in the pipette solution.
The dependence of the early inward tail current on
[Na],I and Na+ entry was tested with a voltage-clamp protocol with repeated depolarization to +40 mV to ensure maximal availability of [Ca2+]i for each episode (see Figure 2 ). The large early inward tail current on depolarization from -80 to -40 mV and the inward tail current on repolarization from +40 to -40 mV in control conditions are shown in Figure  2A (tracing a). When TTX (0.1 mM) was added, a marked reduction in the early inward tail current was observed (data not shown). Whereas TTX markedly reduced the early inward tail current and the sodium current (INa), it had virtually no effect on the inward tail current of repolarization. This contrasts with the effects of Li+ (Figure 2A , tracing b), which, when substituted for Na+ in the bath, abolished both the early and the late inward tail currents while maintaining INa; these effects are consistent with lithium's ability to permeate voltage-gated Na+ channels but its inability to substitute for Na+ in the Na-Ca exchanger.'15161920 The effect of Li+ on the early inward tail current in another cell is shown in Figure  2B . The early inward tail current seen in Na+ ( Figure  2B , tracing a) is completely suppressed at 5 minutes in Li+ ( Figure 2B , tracing b) and nearly completely restored at 10 minutes after return to Na+-containing Tyrode's solution ( Figure 2B , tracing c). Under physiological conditions, whole-cell INa is difficult to control. Therefore, we considered the possibility that the early inward tail current could be an artifact of delayed activation/inactivation of INa in a region of the cell where membrane voltage deviated from pipette potential. This interpretation seemed unlikely by virtue of the previously demonstrated dependence of the early inward tail current on 1) the entry of Na+ but not Li+ as the charge carrier of INa, 2) the elimination of the current by intracellular EGTA, and 3) the significant biphasic modulation of the current by a preceding depolarization followed by an intervening diastolic interval of 9 seconds at a holding potential of -80 mV, an effect that is not consistent with known parameters of 1Na gating but is consonant with regulation of SR function. The pos- Uppermost tracing, command potential (electrode 1); middle tracing, membrane potential recorded by electrode 2 at a distance of 30 pm from electrode 1; lowermost tracing, membrane current. Upon clamp step from -80 to -40 mV, membrane potential deviates from command potential for <10 msec after which these potentials are the same. As noted in the current tracing, the early inward tail current is evident well after control of membrane voltage has occurred. Dashed line indicates steady-state current at -40 mV Na-Ca exchanger.2 Neither this experiment nor those done in the presence of ]ITX excluded the possibility that the early inward tail current was a slowly inactivating component of INa (reviewed in Reference 21) . Therefore, in the second experiment, spatial control of membrane voltage was evaluated. Figure 3 shows the results obtained in a guinea pig atrial cell with one whole-cell patch-clamp electrode and a second current clamp-patch electrode placed remotely (30 ,um away) from the first. The bath solution contained 50 ,M nifedipine to suppress L-type calcium current (ICa). Membrane potential and INa are not controlled immediately on stepping from -80 to -40 mV. Membrane potential, as recorded by the second electrode, was transiently positive to command potential by as much as 40 mV but was restored to command potential in <10 msec. Note that subsequently, after membrane potential has been controlled and INa has inactivated, the early inward tail current develops. The presence of nifedipine excludes the possibility that, during the brief period of membrane potential escape, L-type ICa was activated and that it is this deactivating current that carries the Leblanc and Hume3 proposed that the source of the transient was Ca2' released from the SR. Therefore, we tested the dependence of the early inward tail current on SR Ca2' release. The effects of ryanodine (1 ,M) on the exchange current are shown in Figure 4 . Using the same protocol as in Figure 1 , the current recordings in Figure 4 show that the early inward tail current under control conditions (panel A1) is eliminated in the presence of 1 ,M ryanodine (panel A2). Ryanodine suppressed the dependence of the early inward tail current on the state of SR Ca21 loading. Figure  4B shows the current x time integrals for the exchange current in episodes 1, 3, and 10 under control conditions and in the presence of ryanodine. Similar results were obtained in other cells using 10 mM caffeine in place of ryanodine (data not shown). Inhibition by ryanodine or caffeine of the inward tail currents is consistent with the hypothesis that these exchange currents depend on release of Ca21 from the SR. 3 Having established that the early inward tail current is INa-Ca and that the source of the exchanged [Ca21]j arises from SR Ca2' release, we examined the possibility that IP3 could promote this current by releasing SR Ca2+. [10] [11] [12] [13] 22 Using a clamp protocol as in Figure 2 , we found that dialysis with 1 ,M 1P3 ( Figure SA, tracing b ) increases the early and late inward current tails as compared with control ( Figure  SA, tracing a) . There was a large increase in exchange currents and the generation of a transient inward current when this cell was dialyzed with 1P3. A more complete experiment is shown in Figure 5B from a different cell, which underwent successive dialysis with control pipette solution, 0.5 ,M IP3, pentosan polysulfate (an antagonist of 1P3-induced SR Ca2' release) (J. Watras, University of Connecticut School of Medicine, personal communication, 1991), control pipette solution again, 1 ,uM 1P3, pentosan polysulfate, and superfusion with ryanodine. In this cell, 1P3 increased INa-Ca in a concentration-dependent manner. Moreover, pentosan polysulfate restores the early and late exchange currents, which had been increased by 1P3, toward control values. Ryanodine eliminated completely the early inward tail current, even the small amount evident in control (see Figure 4 ). This result is consistent with the idea that 1P3 augments basal Ca2+-induced SR Ca>2 release and that this increase can be reversed by an 1P3 receptor antagonist, whereas micromolar concentrations of ryanodine inhibit SR Ca2+ release in the basal and stimulated shows the same cell at 5 minutes after 1 W ryanodine.
Current tracings designated 1, 3, and 10 are as described in Figure 1 . Similar results were obtained in 10 other cells. Calibration: time, 50 msec; current, 40 pA. Panel B: Plot of current x time integralfor recordings in panelA. C, control; R ryanodine. As in Figure 1 IP3 5X 1 0-7M lE1 P3 1 0-6M t>z P3 5X 10-6M _IP3 10-6M PLUS INHIBITOR FIGURE 5. Tracings and graphs showing that inositol 1,4,5trisphosphate (IP3) promotes early and late inward tail currents by a concentration-dependent ryanodine-sensitive mechanism. Its effect is also eliminated bypentosan polysulfate (PPS). Panel A: Voltage-clampprotocol as in Figure 2 Membrane currents are shown for control conditions (tracing a) and for conditions at 3 minutes after the beginning ofcell dialysis with 1 M IP3 (tracing b). Calibration: time, 100 msec; current, 133pA. Panel B: Plot of current xtime integrals during intracellular dialysis for the early inward tail current, shown for another cell. Left to right: control, 0.5 pMIP3 in pipette, IP3plus 100 pg/mI PPS in pipette, second control after washout of IP3 and PPS, 1 pM IP3, 100 pg/ml PPS, and last, superfusion with 1 pM ryanodine. Panel C: Plot of inward currentxtime integrals of early inward tail current summarized for 10 cells. Bar graph shows absolute increase in currentxtime integralforcells dialyzed with 0.5, 1.0, and 5.0 WM IP3 in the absence ofPPS and ryanodine (hatched columns) and with 0.5-1.0 pMIP3 in the presence of either PPS (100 pglml) or ryanodine (1 pM) (filled column).
channel blockers are required to ascertain if 1P3 has any effect on 'Ca' Discussion We have observed in guinea pig ventricular myocytes an early inward current that develops under physiological conditions immediately after the decay of INa. We have identified this current as INa-Ca, based on the findings that it is 1) dependent on entry of Na+. and blocked by Li+, 2) dependent on the rise of Ca2' and blocked by EGTA, and 3) modulated in parallel with the late inward tail current of repolarization, which has been previously established to be INa-Ca. This current is not likely to be confused with L-type lCa, since it is not blocked by nifedipine, nor with T-type ICa, since it is not blocked by NiCl2. It is not merely a delayed component of inactivating INa, since it is eliminated by EGTA, ryanodine, or Li+, none of which would be expected to alter INa in this way. Furthermore, this current is strongly dependent on the "history" of the cell membrane; depolarizations markedly condition the subsequent early inward tail current even when separated by a diastolic interval of 9 seconds at a holding potential of -80 mV. This conditioning effect is not consistent with a modulation of INa gating, but it is consistent with a modulation of [Ca2+]i and SR Ca21 stores. 3 Earm et a123 detected an early inward tail current in rabbit atrial cells. They, too, address the issue of contamination of their current by escape of INa and, although not able to achieve clamp control over INa, describe its clear separation from the smaller, slower, and later tail current that was attributed to INa-Ca. The magnitude and time course of this current are comparable to those of the early inward tail current described in our experiments. Moreover, INa-Ca in rabbit atrial cells23 displayed qualitatively similar changes in response to the conditions (see findings 1 and 2 above) observed in our experiments as well as sensitivity to blockade by ryanodine as expected from the involvement of SR Ca2' release.
Our results indicate that INa-Ca is detectable in the guinea pig ventricular myocyte under physiological conditions immediately after I'M decays. It may be operative even earlier than we were able to detect, since it could have been obscured by the much larger INa. The apparent peak of the maximal inward exchange current at -40 mV occurs -50 msec after the decay of INa. Although time resolution of the peak and time constant of decay of this current were not the focus of this study, this value is in keeping with the time course of the YTX-sensitive [Ca2+]i transient.3
Selective inhibition of the early inward tail current by TTX, together with the observation that TTX suppresses a portion of the [Ca21i] transient during an action potential, is consistent with the reaction scheme proposed. 3 We assume that reverse-mode Na-Ca exchange, which is unresolved by our voltage-clamp recording, precedes the forward-mode exchange that we measure. Thus, 50 msec after the inactivation of 'Na, there is reverse-mode Na-Ca exchange, leading to a sufficient rise in [Ca2"]i to trigger SR Ca2" release, which in turn leads to the early inward tail exchange current. (This activity supposes that entering Na+ is restricted to a limited subsarcolemmal ["fuzzy"] space as discussed by Lederer et al. 24 Experiments evaluating the relation between contraction force and [Naj] have also invoked this possibility.25) Inward current tails have been detected when guinea pig ventricular action potentials were interrupted after only 5-10 msec; this was attributed to a rapid response of the Na-Ca exchanger to depolarization-induced calcium release. '5,16 Our study reaffirms the essential linkage of trans-SR and transsarcolemmal calcium fluxes and indicates that SR function is an important determinant of transmembrane ion currents during and after an action potential by virtue of its role in regulating Na-Ca exchange. The results confirm the hypothesis with respect to the demonstration of a functional connection between SR and sarcolemmal Ca21 fluxes early in the course of membrane depolarization and extend the model with respect to modes of regulating SR Ca2+ release.3 It is noteworthy that 1P3 augmented the INa-Ca in a concentration-dependent and reversible manner, presumably by promoting Ca21 release from SR. That IP3 releases Ca21 from intracellular stores (endoplasmic reticulum and SR) in a variety of cell types is well known.22 Release of Ca21 by 1P3 from cardiac SR is sufficient to induce contractures.10-13 Although this messenger-dependent release is too slow to account for excitation-contraction coupling in the heart,10 it may serve a modulatory role in the regulation of cardiac muscle response to drugs and neurotransmitters. Activation of cardiac muscarinic and a-adrenoceptors stimulates the production of 1P3 and exerts a positive inotropic effect,4-9 which is in accord with the role of 1P3 as a Ca2-mobilizing messenger for transmembrane signaling by these neurotransmitters. The duration as well as the magnitude of the Ca>2 release transient may be increased by 1P3 (see Figures 5A and SB) insofar as the slow inward tail current on repolarization to -40 mV is amplified. Moreover, a transient inward current followed the slow inward tail current ( Figure 5A ). Whether this is an example of cytosolic Ca> oscillation induced by 1P3 is uncertain. 
